Introduction 3 7
Re-sequencing projects e.g. investigating many individuals or accessions of one species [1] [2] [3] 3 8 are gaining relevance in plant research. Approaches similar to genome-wide association studies 3 9
which are based on mapping-by-sequencing (MBS) were frequently applied [4] [5] [6] . They are 4 0 boosted by an increasing availability of high quality reference genome sequences [7-12] and 4 1 dropping sequencing costs [13, 14] . De novo assemblies are still beneficial for the detection of 4 2
large structural variants [8, 11, 12, [15] [16] [17] and especially to reveal novel sequences [8, 11, 12, 4 3 18], but the reliable detection of modifying single nucleotide variants (SNVs) can be achieved 4 4
based on (short) read mappings. 4 5
Once identified, the annotation of sequence variants in most species is performed by predicting 4 6 their functional implications based on the available annotation of genes. Leading tools like 4 7 ANNOVAR [19] and SnpEff [20] are currently performing this prediction by focusing on a single 4 8 variant at a time. An impact prediction facilitates the identification of targets for post-GWAS 4 9
analyses [21, 22] . Although the effect prediction for single variants is very efficient and usually 5 0 correct, there is a minority of challenging cases in which predictions cannot be accurate based 5 1 on a single variant alone. Multiple InDels could either lead to frameshifts or they compensate for 5 2 each others' effect leaving the sequence with minimal modifications [23] [24] [25] . Two SNVs 5 3 1 0 4
Experimental validation of variants 1 0 5 A. thaliana Nd-1 plants were grown as previously described [15] . DNA for PCR experiments was 1 0 6 extracted from leaf tissue using a cetyltrimethylammonium bromide (CTAB)-based method as 1 0 7
previously described [30] . Oligonucleotides flanking regions with variants of interest were 1 0 8 designed manually (AdditionalFile2) and purchased from Metabion (http://www.metabion.com/). 1 0 9
Amplification via PCR, analysis of PCR products, purification of PCR products, Sanger 1 1 0 sequencing, and evaluation of results was performed as previously described [31] . 1 1 1 Distributions of SNVs and InDels over the chromosome sequences of Col-0 were visualized as previously 1 2 8 described [15]. 1 2 9 1 3 0 sly Although the repeated variant calling processes were intended to increase the sensitivity, we did 1 3 1 not observe a substantial improvement between the second and third round. This saturation 1 3 2
indicates that no additional variants would be detected in further variant calling rounds. The 1 3 3 number of detected variants as well as the validation rate was almost constant (Table 1) . 1 3 4 1 3 5 Running NAVIP on this A. thaliana data set (AdditionalFile4) took about 5 minutes with a single 1 4 8 core and a peak memory usage of about 3 GB RAM. Since SnpEff is one of the most frequently 1 4 9
applied tools for the annotation of variants, the NAVIP output was compared with SnpEff 1 5 0
predictions. SnpEff was applied to the same data set based on the Araport11 annotation. 1 5 1
Interesting cases for comparison are codons containing at least two SNVs. Of 75 premature 1 5 2 stop codons predicted in such codons by SnpEff, 73 were predicted as amino acid substitutions 1 5 3 by NAVIP ( Fig. 2) . While a single SNV would cause a premature stop codon, the simultaneous 1 5 4 presence of two SNVs results in an amino acid encoding codon. In total, 702 premature stop 1 5 5 codons were predicted by SnpEff thus 9.6 % of them were false positives. NAVIP revealed that 1 5 6 tyrosine occurs frequently instead of a premature stop codon, because the tyrosine codons are 1 5 7 very similar to two of the three stop codons. 1 5 8 codons can emerge by chance following a frameshift, the distance between such InDels was 1 6 7
analyzed. This length distribution revealed that most compensating InDels (cInDels) occur within 1 6 8 a short distance of 2-8 bp (Fig. 3 ). Multiples of three are more frequent than other distances of a 1 6 9 similar size. 1 7 0 1 7 1 1 7 2
Fig. 3: Distance between compensating InDels (cInDels). 1 7 3
An InDel can compensate the frameshift caused by an upstream InDel. Distances between such cInDels 1 7 4 are short and frequently multiples of three. In total, 484 genes contain cInDels. Although differentiation between bona fide variants (true positives) and false positives based on 1 8 2 a high quality genome sequence assembly worked very well, false negatives were not taken into 1 8 3 account and might even bias this classification approach by preventing the validation of 1 8 4
neighboring variants (AddtionalFile1). If a variant is missed by the initial variant calling, its 1 8 5 presence in the flanking sequence used during the validation process will prevent a proper 1 8 6
match. Therefore, the number of variants could be slightly higher than reported here. 1 8 7
Nevertheless, this conservative approach was selected to minimize the risk of keeping false 1 8 8 positive variants. There is always a trade-off between sensitivity and specificity in the variant 1 8 9
calling process [32] and our approach is in strong favor of specificity. However, the number of 1 9 0 identified and validated variants exceeds previous reports of 485,887 variants between Col-0 1 9 1
and Nd-1 [15] . Instead the observed variant frequency is closer to the results of a comparison 1 9 2
between Bur-0 and Col-0 [33]. Despite the difference in total numbers, the distribution on the 1 9 3 chromosome scale is similar to the previous comparison of Col-0 and Nd-1 [15]. It seems that 1 9 4
Chr4 is the most variable one, while Chr5 is the least variable one between both compared 1 9 5 accessions. 1 9 6
Successful validation via PCR and amplicon sequencing supported the presence of two SNVs 1 9 7 within one codon. Although these variants are perceived as two SNVs, the underlying 1 9 8 mechanism could be a multiple nucleotide polymorphism (MNP). It would be interesting to see if 1 9 9
these SNVs occur independently in other accessions in the A. thaliana population. 2 0 0 2 0 1 Functional implications of variants 2 0 2
We developed NAVIP to assess the impact of neighboring variants on protein coding 2 0 3
sequences. The presence of the 557 cases described here for the comparison of two A. thaliana 2 0 4 accessions demonstrates the necessity to have such a tool at hand. NAVIP revealed the 2 0 5 1 presence of second site mutations that compensate other variants e.g. turning a premature stop 2 0 6 codon into an amino acid substitution or compensation of a frameshift. The purpose of NAVIP is 2 0 7 not to replace existing tools, but to add novel functionalities to established tools like SnpEff [20]. 2 0 8
This could boost the power of re-sequencing studies by opening up the field of compensating or 2 0 9
in general mutually influencing variants. Such variants have the potential to reveal new insights 2 1 0 into patterns of molecular evolution and especially co-evolution of sites. Although the number of 2 1 1 cases is probably small, the consideration of multiple variants during the effect prediction could 2 1 2 reveal novel targets in GWAS-like approaches. The remaining challenge is now the reliable 2 1 3 detection of sequence variants prior to the application of NAVIP. For heterozygous species 2 1 4 phasing of these variants is another task that needs to be addressed. The correct prediction of 2 1 5 functional implications relies on the correct assignment of variants to respective haplophases. If 2 1 6
provided with accurately phased variants, NAVIP can perform predictions for highly 2 1 7
heterozygous and even polyploid species. 2 1 8 2 1 9
Availability of data 2 2 0
The data sets supporting the results of this article are included within the article and its 2 2 1 additional files. 
